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Abstract  
There is keen interest in what enables rememberers to differentiate true from false memories and which 
strategies are likely to be the most effective. This study measured electrical brain activity while healthy young 
adults performed a mnemonic discrimination task, deciding whether color pictures had been studied, were 
similar to studied pictures (lures), or were new. Between 500 – 800 ms post-stimulus, event-related potentials 
(ERPs) for correctly recognized studied pictures and falsely recognized lures compared to those for correctly 
rejected novel items had a left centroparietal scalp distribution typical of the parietal old/new effect associated 
with recollection. This is in line with previous evidence that similar lures may elicit false or phantom 
recollection as opposed to just familiarity. There was no evidence of a parietal effect for correctly rejected 
lures as would be expected if recall-to-reject were used. The ERP old/new effects for lures also varied with 
individual differences in performance. Parietal effects for falsely recognized lures were larger in better 
performers, who successfully rejected a greater number of lures as “similar”. The better performers also 
showed more pronounced right frontocentral old/new effects between 800 – 1100 ms for correctly rejected 
and falsely recognized similar lures. The enhancement of false recollection in better performers implies false 
recognition of lures occurred only when more specific information was recovered about the study episodic. 
Together, the findings suggest reliance on recollection to decide that items were studied, supported by post-
retrieval processing. 
Keywords 
Episodic memory; false memory; recognition; recollection; ERPs; retrieval; retrieval monitoring 
Abbreviations 
EEG, ERP, ANOVA, FA, CR, LDI 
  
1. Introduction 
It is well established that memory for events (episodic memory; Tulving 1983) can be misleading as well as 
accurate, with serious practical consequences (for review see Loftus, 2003; Schacter et al., 1998). It is far less 
clear whether veridical and false memories are fundamentally different in nature, and how rememberers 
manage to differentiate between them. Of particular recent interest has been false recollection. Recollection 
involves the retrieval of specific contextual information from the time an event was originally encoded, and 
is distinguished in recognition tests from a nonspecific sense of familiarity (Yonelinas, 2002). False 
recollection is likely to be more convincing and difficult to distinguish from veridical memory than false 
familiarity. The present study used event-related potentials (ERPs) to replicate earlier findings of false 
recollection of similar lures, and examine how the critical discrimination from studied items is made. 
Although it seems obvious that an event that did not happen cannot be recollected, there is now substantial 
evidence that recollection of the context associated with an actually experienced event can support a person’s 
experience that a different event was, in fact, encountered. This false recollection may be triggered by a novel 
recognition probe – a lure – which is related to a studied item. The probability of subjective recollection, 
assessed using “remember” judgments, does not always distinguish true and false recognition (e.g., Roediger 
and McDermott, 1995; Thomas and Loftus, 2002). People are also able to make source judgments for lures 
(Payne et al., 1996) which often reflect the context associated with the corresponding studied items (Hicks 
and Hancock, 2002; Lyle and Johnson, 2006; Kim and Yassa, 2013; but see McCabe and Geraci, 2009). 
Moreover, reinstatement of study context of lures’ associates increases lure errors (Arndt, 2006; see Arndt, 
2012, for review). 
Leading theoretical accounts of false memory assume that the specificity of processing at encoding and 
engagement of control at retrieval both influence the probability of later false recollection (see Gallo, 2010). 
According to activation-monitoring theory (Roediger and McDermott, 1995; Roediger et al., 2001), if a related 
lure matches information activated in semantic memory during an episode, false recollection can occur. On 
fuzzy trace theory (Brainerd and Reyna, 1998), if strong gist traces are encoded, similar lures can elicit 
“phantom recollection” (Brainerd et al., 2001). Rememberers can also distinguish false or phantom 
recollection from true recollection by controlled post-retrieval processing. Both these accounts specify use of 
reality monitoring processes which can distinguish recall elicited by lures and studied items, including 
diagnostic monitoring for recollection and disqualifying monitoring to reject lures when these cue recall of 
the studied item and context (recall-to-reject; Johnson et al., 1993; Roediger and McDermott, 1995; Clark and 
Gronlund, 1996; Brainerd et al., 2002). A third possibility is that automatic hippocampal pattern separation is 
critical for avoiding false recognition (Schacter et al., 1998; Yassa and Stark, 2011). Pattern separation 
orthogonalizes new memory traces in relation to those already stored, minimizing overlap (McClelland et al., 
1995; Treves and Rolls, 1994). Depending on overlap, similar lures may be recognized, and can trigger 
recollection as well as familiarity (Norman, 2010; Kim and Yassa, 2013).  
1.1.  ERP studies of false recollection 
A number of prior ERP studies have assessed the degree to which false memories elicit recollection, focusing 
on differences between the neural correlates of true and false recognition.  In recognition tests, ERPs elicited 
by studied items correctly identified as old (hits) are typically positive-going relative to correctly rejected 
(CR) new items. Of principal interest here is the parietal old/new effect, a positivity for hits relative to new 
CR from around 500-800 ms after stimulus presentation which is typically maximal over the left parietal scalp 
and is thought to index recollection, distinguishing it from familiarity (Rugg et al., 1995; see Friedman and 
Johnson, 2000; Rugg and Curran, 2007). Familiarity is associated with an earlier, mid-frontal positivity at 
around 300-500 ms post-stimulus (see Rugg and Curran, 2007). The parietal old/new effect is modulated by 
the amount of recollected material, and recall of contextual information (Duzel et al., 1997; Rugg et al., 1998; 
Vilberg et al., 2006). A later-occurring positivity over the right frontal scalp, around 1100-1900 ms post-
stimulus, has also been implicated in the application of generic control processes to post-retrieval memory 
judgments (Friedman and Johnson, 2000; Hayama et al., 2008). 
Some studies have found reliable parietal old/new effects only for true recognition, suggesting that lure false 
alarms were more likely driven by familiarity (Curran, 2000; Geng et al., 2007; see also Chen et al., 2012; 
Finnigan et al., 2002; Wolk et al., 2006). Dennis et al.’s (2012) recent functional magnetic resonance imaging 
(fMRI) study also showed hippocampal (as opposed to parahippocampal) and early visual cortical activity 
both distinguished true from false recollection, in line with the view that contextual reinstatement may 
accompany only veridical recollective experience (see also Cabeza et al., 2001; Okado & Stark, 2003; 
Karanian and Slotnick, 2014). However, numerous other ERP studies have found that false as well as true 
recognition can elicit parietal old/new effects, suggesting occurrence of false recollection when studied items 
and lures are visually similar pictures sharing basic-level category membership (Curran and Cleary 2003; 
Goldmann et al., 2003) as well as in adaptations of the DRM paradigm (Boldini et al., 2013; Curran et al., 
2001; Nessler et al., 2001; Beato et al., 2012; Wiese and Daum, 2006; see also Cheng and Rugg, 2004). These 
data are consistent with other fMRI and PET studies which have found indistinguishable neural correlates of 
true and false recognition (e.g., Kahn et al., 2004; Kim & Cabeza, 2007). Duzel et al. (1997) also showed that 
equivalent parietal effects for true and false subjective recollection were associated with subjective 
recollection, defined by “remember” judgments in a DRM variant task (see also Johnson et al., 1997).  
Together, the ERP data suggest that lures frequently elicit recollection in these paradigms. However, it is still 
unclear how people successfully make lure rejection decisions. Goldmann et al. (2003) proposed that post-
retrieval control may be critical based on the finding that late, right frontal ERP old/new effects differed 
between items correctly and falsely judged “old”, both of which also elicited parietal effects (see above). 
However, other studies have not found such a difference (Duzel 1997; Nessler 2001; Boldini et al., 2013; 
Beato et al., 2012; Wiese and Daum, 2006; see also Cheng and Rugg, 2004). A fuller answer to the question 
of how people successfully distinguish between studied items and lures requires examination of how correctly 
rejected lures are processed, and how this processing differs from that of lures incorrectly judged “old”.  
Curran et al. (2000) reported a parietal ERP effect for correctly rejected plurality-altered word lures (although 
measured relative to studied item misses rather than rejected new items). As falsely recognized lures did not 
elicit a parietal effect, the data are most consistent with use of a recall-to-reject monitoring strategy, although 
the late frontal old/new effect was only reliable for falsely recognized lures suggesting post-retrieval 
processing may not have contributed to successful recognition judgments. Goldmann et al. (2003) also found 
a parietal effect for correctly rejected lures, although it was unclear whether this was as large as the effect for 
hits and lure false alarms (see also Johnson et al., 1997).  
A few studies have also examined associations between ERPs and individual differences in performance to 
try to elucidate the best strategies for avoiding false recognition, but with inconclusive results so far. Data 
from Curran et al.’s (2001) DRM variant study were suggestive of a false parietal old/new effect only in better 
performers, while poorer performers were close to chance and showed a parietal effect for hits only. Larger 
late frontal effects in better performers for hits and falsely recognized lures were consistent with a role of post-
retrieval processing in successful lure rejection, although ERPs for rejected lures were not examined. 
However, Curran and Cleary (2003) found parietal old/new effects for falsely recognized left-right reversed 
picture lures only in poorer performers. Nessler et al. (2001; Experiment 1) found a similar pattern, and a 
second experiment manipulating encoding strategy suggested that this was because the poorer performers had 
relied more on gist processing. Curran and Cleary (2003) also examined ERPs for rejected lures: there was a 
suggestion of larger parietal effects in better performers in line with greater use of recall-to-reject. 
1.2. The present study 
The present study focused on comparisons of ERPs elicited by lures correctly rejected as “similar” and those 
falsely identified as old, and on individual differences in these effects. The task is illustrated in Fig. 1: it 
employed categorically-related picture stimuli, and used the three-way “same/similar/new” response options 
introduced by Koutstaal et al. (1999) and subsequently employed in fMRI and behavioral investigations of 
hippocampal pattern separation (Stark et al., 2013; Yassa and Stark, 2011). In order to reject the similar items 
as unstudied, participants must not only discriminate old from similar items, but positively identify the similar 
items. This task has been shown to improve lure rejection relative to simple recognition (Koutstaal et al., 1999) 
and is proposed to place greater demands on neural pattern separation than simple recognition (Stark et al., 
2013). The first aim of this experiment was to assess evidence for recollection of correctly rejected as well as 
falsely recognized lures. The main measure of interest was the parietal old/new effect. In line with previous 
ERP studies of false recognition, it was expected that this would be observed for false alarms to similar items 
as well as for hits to old items. Substantial parietal effects for rejected relative to falsely recognized lures 
would suggest predominant use of the specific retrieval monitoring strategy of recall-to-reject. Conversely, 
greater parietal effects for falsely recognized than for rejected lures would suggest that lures eliciting 
recollection are mainly accepted as studied, consistent with false or phantom recollection. Late right frontal 
effects for accepted and rejected lures as well as hits were also expected if post-retrieval control is important 
for lure rejection. The combined pattern of parietal and late anterior old/new effects is therefore informative 
about the role of recollection and of specific monitoring strategies in lure discrimination.  
The second aim was to examine how ERP effects tracked individuals’ ability correctly to reject the lures as 
“similar”, to provide information about how this is most effectively achieved. The lure discrimination index 
(LDI) was defined as the proportion of correctly identified lures corrected for the baseline rate of “similar” 
responses to novel items. This measure has been associated with the integrity of hippocampal pattern 
separation (Lacy et al., 2011; Yassa et al., 2011; see Stark et al., 2013) but may also reflect other processes 
contributing to correct rejection of lures. There were two contrasting predictions. If individual differences in 
mnemonic discrimination reflect variation in the specificity of encoded information, whether this variation is 
due to differential initial pattern separation or variation in emphasis on item-specific relative to gist processing, 
parietal effects for falsely recognized lures will be larger in poorer performers because lures are more likely 
to trigger recollection (Nessler et al., 2001). However, if variation in lure discrimination ability dominates, the 
opposite pattern should be observed, whether discrimination of true from false memory relies on automatic 
pattern separation or on controlled post-retrieval processing. Better discrimination by either mechanism 
implies that only lures eliciting the most specific recollection will be accepted as studied, so false parietal 
effects will be more pronounced in better performers. It was also possible that greater use of recall-to-reject 
by better performers, and therefore larger parietal effects for correctly rejected lures, would be observed 
(Curran et al., 2000; Curran & Cleary, 2003). 
 
Figure 1. Task and design. Examples of the different stimulus and response conditions are illustrated. 
2. Results 
Behavioural and ERP data were analyzed for all participants with sufficient artifact-free trials for ERP analysis 
(N=20, see 4.1). All analyses of variance (ANOVAs) employed a Greenhouse-Geisser correction for 
nonsphericity by default, and corrected df and p values are reported. The principal experimental conditions of 
interest for behavioral and ERP analysis were the three correctly identified trial types, and the similar lure 
false alarms: Old Hits (studied items attracting correct ‘old’ responses), Similar FA (similar lures attracting 
false ‘old’ responses), Similar CR (similar lures attracting correct ‘similar’ responses) and New CR (novel 
items attracting correct ‘new’ responses).  
2.1. Behavioral results 
2.1.1. Accuracy 
Figure 2 illustrates memory task performance. Analyses of response proportions checked that in the group as 
a whole, correct responses were more likely than incorrect responses to each item type. Of principal interest 
was performance for similar lures, and their discrimination from studied and novel items. Participants judged 
studied items correctly as “old” more often than they judged them “similar” (t(19) = 11.64, p < .001) and 
judged lures correctly as “similar” more often than they falsely judged them ‘old’ (t(19) = 5.33, p < .001). The 
Lure Discrimination Index (LDI) was defined as the ability to reject similar lures (p(“similar” to lure) - 
p(“similar” to novel item)). LDI was greater than zero in the group as a whole (t(19) = 5.91, p < .001), and as 
expected it correlated with the ability to discriminate studied items from lures (p(old hit) - p(lure false alarm); 
r = .70, p < .001). A higher LDI was also associated with a more conservative criterion for judging items as 
‘old’ as measured with Br (Pfalse alarm /1-[Phit - Pfalse alarm]; r = -.58, p = .005) (Snodgrass & Corwin 1988). 
2.1.2. Response times 
Analysis of median response times (RTs) focused on comparison of the main experimental conditions from 
which ERPs were formed. ANOVA with the factor of condition (Old Hits, Similar FA, Similar CR and New 
CR) revealed a main effect (F(2.0, 38.5) = 17.74, p < .001). Post hoc tests (alpha = .01) showed that responses 
were significantly faster for Old Hits than for Similar FA (t(19) = 4.12, p = .001) and Similar CR (t(19) = 
6.72, p < .001) and new items (t(19) = 3.55, p = .001; see Fig. 2). Responses were faster for Similar FA than 
Similar CR (t(19) = 4.42, p < .001). RTs were also slightly slower for Similar CR than for New CR, and 
slightly faster for Similar FA than New CR, but these differences were not reliable (t(19) = 1.56, p > .10 and 
t(19) = 2.48, p = .023). Addition of the lure discrimination index (LDI) as a covariate (see 2.2.1) did not yield 
any significant results. 
 
Figure 2. Memory task performance. The plot on the left shows average response proportions, and the plot on 
the right shows average response times per condition. Old refers to studied items, Sim to unstudied similar 
lures, and New to novel items (see Fig. 1 and 2.2 for details). Error bars represent the standard error of the 
mean. 
2.2. ERP results 
Grand average ERP waveforms elicited by Old Hits, Similar FA, Similar CR and New CR are shown in Fig. 
4 for the selected electrode clusters, and mean amplitudes of the principal effects in Fig. 5. The mean numbers 
of trials (range in brackets) contributing to individual subjects’ ERPs in these four conditions were 107 (54 – 
142), 33 (14 – 72), 79 (33 – 127) and 100 (46 – 135), respectively. Notably, ERPs to Old Hits were generally 
more positive-going than ERPs to new CR. From around 300 – 500 ms post-stimulus this positivity had a mid-
frontal maximum, and between 500 – 800 ms it had a left centroparietal maximum. During these epochs ERPs 
to Similar FA and Similar CR were also somewhat more positive-going than those to New CR but if anything 
less positive than ERPs to Old Hits. Between 800 – 1100 ms a similar pattern of condition differences was 
maximal over midline central and right frontal sites. From around 1100 ms old/new effects were less 
pronounced in magnitude, did not differ between conditions and continued to have a right frontocentral 
maximum. Scalp topography for each time window analyzed is illustrated in Fig. 6, and ERP-performance 
associations for the middle two epochs are shown in Fig. 7. 
 
Figure 3. Electrode montage and groupings. The electrode clusters used for analysis are displayed on the 
international 10-20 head montage used for recording (see 4.5 for details).  
2.2.1. Analysis strategy 
ERPs were quantified by measuring the mean amplitudes of old/new effects. For convenience, the term 
“old/new effect” is used to refer to comparisons of Old Hits, Similar FA and Similar CR with New CR. 
Old/new effect amplitudes were computed as the average ERP for each subject elicited by Old Hits, Similar 
FA and Similar CR, after subtraction of the average ERP elicited by New CR. Time windows and electrode 
sites for amplitude analysis were decided on the basis of prior studies. The principal analysis focused on the 
parietal old/new effect, from 500 – 800 ms at central and centroparietal groupings (left, midline and right; see 
4.4 and Fig. 3 for electrode groupings). The mid-frontal effect was also examined from 300 – 500 ms at frontal 
groupings (left, midline and right), and late right frontal effect was assessed from 800 – 1100 ms across all 
electrode groupings.  
For each time window, ANOVA with the principal factor of Condition (Old Hits/ Similar FA/ Similar CR) 
first assessed the amplitude of old/new effects and their modulation by experimental condition, across the 
electrode sites of interest. Associations between performance for similar items and old/new effect magnitude 
were then tested using the lure discrimination index (LDI) as a covariate. This indexed correct lure 
identification, corrected for responses to novel items (see 2.1.1). Because LDI correlated with response 
criterion as measured with Br (see 2.1.1), check analyses were performed in all cases of significant 
associations between the discrimination covariate and ERPs. These tested whether significant effects were 
driven by associations between ERP effects and Br by a) assessing associations with Br as the only covariate, 
and b) adding Br as an additional covariate. In no case did interactions between Br and condition approach 
significance (details are available from the author on request).  
Where amplitude analysis suggested that the distribution of old/new effects differed according to condition 
within a time window, scalp topographies were compared across conditions after rescaling using the range 
method to remove confounding effects of differences in overall amplitude (McCarthy and Wood, 1985). 
Topographic analyses were also conducted comparing time windows to assess whether scalp topographies 
changed over time. All rescaled analyses included data from all 12 electrode groupings (Fig. 3). 
 Figure 4. Grand-average ERP waveforms. Waveforms show cross-participant grand-average waveforms for 
the 12 electrode clusters analyzed. The 4 conditions included are Old Hits (studied items attracting correct 
‘old’ responses), Similar FA (similar lures attracting false ‘old’ responses), Similar CR (similar lures attracting 
correct ‘similar’ responses) and New CR (novel items attracting correct ‘new’ responses). Positive-going 
ERPs are plotted upwards. See 2.2.1 for details of ERP analysis strategy.  
500 – 800 ms: parietal old/new effects  
ANOVA with factors of Condition (Old Hits, Similar FA, Similar CR), Hemisphere (Left, Midline, Right) 
and anterior-posterior (AP) electrode chain (Frontocentral, Central, Centroparietal) showed a significant main 
effect of Condition F(1.8, 35.1) = 4.14, p = 0.024, a main effect of Hemisphere (F(7.0, 29.0) = 5.95, p = 0.007) 
and a significant intercept (i.e., overall old/new effect; F(1, 19) = 5.15, p = .035; for other effects, p > .1). 
Pairwise post hoc tests showed that this old/new effect was larger for Old Hits than for Similar CR (F(1, 19) 
= 11.60, p = .003). The magnitude of the parietal effect for Similar FA was intermediate between those for 
Old Hits and Similar CR, but neither difference was significant (F(1, 19) = 2.07, p = .17, and F(1,19) = 1.55, 
p = .23); see Fig. 5. The effect was significant in the group as a whole for Old Hits only (F(1,19) = 13.02, p = 
.002; for Similar FA, F(1,19) = 1.45, p = .072; for Similar CR, F < 1).  
There were also individual differences in the magnitude of the parietal effect for Similar FA, illustrated in 
Figure 7. When LDI (see 2.1.1) was added as a covariate, the Condition by LDI interaction was significant 
(F(2.0, 36.0) = 7.65, p = .002 (for main effect of Condition, F(2.0, 36.0) = 7.45, p = .002; for LDI, F(1, 18) = 
9.38, p = .007). Pairwise post hoc tests showed that this interaction was driven by the Similar FA condition, 
which differed from Old Hits (F(1, 18) = 11.82, p = .003) and from Similar CR (F(1, 18) = 11.26, p = .004; 
for Old Hits vs. Similar CR, F < 1). Old/new effects at their maximum (at the central midline electrode 
grouping, i.e., [C1, Cz, C2]) correlated most positively with LDI for Similar FA (r = .68; for Similar CR, r = 
.43; for Old Hits, r = .29). Thus, parietal old/new effects elicited by similar items falsely recognized as old 
were larger in better performers.  
 
Figure 5. Mean amplitudes (and standard errors) of old/new effects (ERPs to Old Hits, Similar FA and Similar 
CR each after subtraction of ERPs elicited by New CR) in the time windows 300 – 500 ms, 500 – 800 ms, and 
800 – 1100 ms. In the second two epochs, effects are averaged across the AP electrode groupings analyzed 
(for 500 – 800 ms, these were Frontocentral, Central and Centroparietal groupings and for 800 – 1100 ms, all 
four groupings; see Fig. 3, and 2.2.1 for analysis strategy). 
 Figure 6. Scalp distribution of ERP old/new effects. Scalp topographies are shown of the between-condition 
differences in mean ERP amplitude in the four time windows analyzed. The plots are of the old-new or similar-
new subtractions for Old Hits, Similar FA, and Similar CR (see Fig. 5 and 2.2.1 for details). Maps are scaled 
to the maxima (red) of each effect, and the ranges are displayed under each map in microvolts. 
2.2.2. 300 – 500 ms: mid-frontal old/new effects 
ANOVA with factors of Condition and Hemisphere (Left, Midline, Right) on old/new effects from the frontal 
electrode groupings showed a reliable overall effect (for intercept, F(1, 19) = 9.42, p = .006) and a main effect 
of Hemisphere (F(1.8, 33.8) = 5.09, p = .014), reflecting the expected midline maximum of the old/new effect 
(see Figs 5 and 6). When LDI was added as a covariate, there was a reliable main effect of Condition (F(1.9, 
33.9) = 4.51, p = .020) and interaction of Condition with LDI (F(1.9, 33.9) = 4.81, p = .016). Post hoc tests 
showed that this interaction was mainly driven by differences between Old Hits and Similar FA (for pairwise 
Condition x LDI, F(1, 18) = 11.83, p = .003; for Old Hits vs. Similar CR, F(1, 18) = 4.47, p = .049; for Similar 
FA vs. Similar CR, F < 1). For Old Hits, the old/new effect tended to correlate negatively with LDI (r = -.31,   
p = .075), whilst for Similar FA the association was non-significant but numerically positive (r = .32, p = .22; 
for Similar CR, r = .01, F < 1).  At the mid-frontal cluster at which the mid-frontal old/new effect is typically 
maximal, the effect was also reliable in the group as a whole for Old Hits and Similar FA (t(19) = 2.80, p = 
.011; t(19) = 2.95, p = .008) but not for Similar CR (t(19) = 1.86, p = .079; alpha = .017). Thus, participants 
with better lure rejection performance tended to show smaller mid-frontal effects than poorer performers for 
Old Hits only. 
 
Figure 7. Old/new effects and lure discrimination performance. Scatter plots show ERP old/new effects in the 
500-800 and 800-1100 ms epochs at the same Central electrode grouping (average of [C1, Cz, C2]; see 2.4), 
illustrating their different associations with performance indexed by LDI (see 2.2.1 and Fig. 5 for definition 
of old/new effects, and 2.1.1 for definition of LDI). 
2.2.3. 800 – 1100 ms: late old/new effects 
ANOVA with factors of Condition, Hemisphere (Left, Midline, Right) and anterior-posterior (AP) electrode 
chain (Frontal, Frontocentral, Central, Centroparietal) showed a reliable average old/new effect across 
conditions (for intercept, F(1,19) = 12.13, p = .002) and a marginal effect of Hemisphere reflecting a tendency 
to a midline to right sided maximum (F(1.9, 35.3) = 3.66, p = .070), but no effects of Condition (max F = 
1.74, p > .10); see Figs. 5 and 6. Post hoc tests indicated significant old/new effects in the group as a whole 
for Old Hits and – unlike in the earlier epochs – for Similar CR (for intercept, F(1,19) = 16.11, p = .001; 
F(1,19) = 9.11, p = .007; for Similar FA, F(1,19) = 2.95, p > .10). 
Addition of LDI as a covariate revealed a significant main effect of Condition (F(1.8, 32.7) = 5.36, p = .012) 
and a Condition by LDI interaction (F(1.8, 32.7) = 3.86, p = .035). Post hoc tests showed that – unlike in the 
earlier epochs – this was driven by both similar lure conditions, although effects for Old Hits were slightly 
larger in the group as a whole (see Fig. 7; for the pairwise comparison of Condition x LDI for Old Hits vs. 
Similar FA, F(1,18) = 10.29, p = .005; for Old Hits vs. Similar CR, F(1,18) = 3.74, p = .069; for Similar FA 
vs. Similar CR, F < 1). For both Similar FA and Similar CR, old/new effects were positively correlated with 
LDI at their maximum at the central midline electrode grouping ([C1, Cz, C2]; r = .41; r = .43), unlike for Old 
Hits (r = -0.01). Thus, in this time window old/new effects were larger for both Similar FA and Similar CR in 
participants who were better able to correctly identify the similar items (see Fig. 7).  
2.2.5 Topographic analyses comparing time windows 
Analysis of rescaled data demonstrated the expected differences in scalp topography between the mid-frontal 
and parietal old/new effects: ANOVA with the additional factor of time Window (300-500 ms, 500-800 ms) 
showed a significant interaction of Window with AP chain across conditions (F(1.3, 25.5) = 5.73, p = .017), 
reflecting the earlier frontal and later centroparietal and parietal maxima of these effects. No effects involving 
the factor of Condition were reliable.  
Comparison between  the 500 – 800 ms and 800 – 1100 ms time windows showed a change in the scalp 
topography of old/new effects between the two which approached significance when all conditions were 
analyzed together (for Window x Hemisphere, F(1.9, 36.9) = 2.94, p = .067; for Window x Hemisphere x 
Condition, F < 1). However, when the largest old/new effects, those for Old Hits, were considered alone, their 
lateralization differed significantly between the two time windows (for Window x Hemisphere, F(1.6, 30.5) 
= 3.68, p = .046). The predominantly midline scalp distribution shifted from midline-left to a more right-sided 
distribution (see Figs. 5 and 6). 
3 Discussion 
This experiment used ERPs to investigate the processes by which people avoid false recognition and correctly 
reject items similar to, but not the same as, those they have previously encountered. Using a recognition task 
which required explicit identification of similar lures as well as studied items, we replicated previous findings 
of parietal old/new effects for falsely recognized lures, suggestive of false recollection. In the group as a whole 
these effects were somewhat attenuated relative to those elicited by correctly recognized studied items. 
However, parietal and right frontal ERP old/new effects also varied in magnitude according to individual 
ability correctly to reject lures as “similar”. The data, discussed in detail below, conform to the pattern 
predicted if recollection predominantly supports false recognition, not rejection, of lures, but lure recollection 
is less likely, and perhaps less specific, in better performers. They also implicate post-retrieval monitoring 
processes in lure discrimination.  
3.2 Behavioral findings 
Participants were able to discriminate studied from similar items effectively, and their ability to do this 
correlated with their ability correctly to reject the similar lures. Hit responses were the fastest, suggesting that 
many studied items were quickly recognized compared to lures and new items. False alarms to similar items 
were also faster than correct rejections of these items, consistent with engagement of additional processes 
during successful lure rejection relative to false recognition, although there was no ERP evidence for use of a 
recall-to-reject strategy (see below). There were no reliable associations between response times and 
individual differences in lure rejection ability, so the findings of such associations for the ERP data are not 
confounded by differential time on task. 
3.3 ERP findings 
Analysis of the ERP data showed a typical pattern of more positive-going activity for correctly recognized 
studied items (hits) than for correctly rejected new items in the three time windows analyzed. The ERPs 
elicited by falsely recognized and correctly rejected similar lures showed lesser degrees of positivity which 
varied according to the epoch and individual differences in performance.  
3.3.1 Parietal old/new effect 
Of principal interest was the parietal old/new effect between 500-800 ms, indexing recollection (see 
Introduction, and Rugg and Curran, 2007, for review). As expected, ERPs for hits showed a prominent 
positivity in this epoch with a left centroparietal maximum. A smaller parietal effect was also present for 
falsely recognized lures, which was also larger in better than in poorer performers, an association which 
differed significantly both from hits and lure CR. There was no evidence of a parietal effect for correctly 
rejected lures. Together with the late anterior effects, discussed below, this suggests that although retrieval 
monitoring played a role, use of recall-to-reject strategies was not prominent (see 3.4). Instead, the data suggest 
that falsely recognized lures were more likely to be recollected in the better performers, or that more 
information was recollected (Vilberg & Rugg, 2006). Recollection as indexed by the parietal effect also 
distinguished falsely recognized lures from correctly rejected lures in proportion to individual ability to 
identify the lures behaviorally.  
These findings are consistent with the earlier study of Curran et al. (2001) in which only better performers 
appeared to show false recollection. However, they differ from those of two other studies which found 
evidence of false recollection only in poorer performers (Curran and Cleary, 2003; Nessler et al., 2001). This 
is unlikely to be due to task differences: Curran and Cleary’s (2003) study was most similar to the present 
study in using pictorial stimuli, whereas Curran et al. (2001) and Nessler et al. (2001) used verbal stimuli. 
Gross level of performance also cannot explain the different findings. Although raw false recognition rates 
were comparable in the sub-groups showing false recollection in Curran et al.’s (2001) and Curran and 
Cleary’s (2003) studies (.49 and .50), they were also closer to the rates in Nessler et al.’s (2001) better 
performers who did not show evidence of false recollection (.39 versus .15). However, it is difficult to make 
close comparisons with the present study because in these prior studies, raw lure false alarm rates rather than 
corrected lure rejection rates were used to define level of performance. It is likely that different factors 
accounted for the two previous findings of parietal effects for falsely recognized lures only in poorer 
performers, and that neither of these factors dominated in the current study. Nessler et al. (2001) attributed 
their result to variation in lure activation reflecting different degrees of reliance on gist processing at encoding. 
This variation was found only in the experiment which used an intentional study task, unlike in the current 
study. As noted in the Introduction (1.2), the direction of our individual differences association is also 
incompatible with dominance of different degrees of gist processing or specificity of encoding in determining 
better performance. In Curran and Cleary’s (2003) study, lure parietal effects followed a different pattern from 
the present study, as better and poorer performers did not differ only in the parietal effect elicited by falsely 
recognized lures. There was also evidence that the higher performers used recall-to-reject: their parietal 
old/new effect for rejected lures was almost identical in magnitude to the effect for hits, unlike in the present 
study. Thus although in both Curran and Cleary’s (2003) study and the present study the better performers 
showed evidence of more effective monitoring (discussed further below, see 3.3.3 and 3.4), the current data 
support use of diagnostic as opposed to disqualifying strategies.  
3.3.2 Mid-frontal old/new effect 
A mid-frontal old/new effect between 300 – 500 ms post-stimulus also distinguished the conditions and 
differed according to level of performance. It was topographically as well as temporally distinct from the 
parietal effect, consistent with previous studies and different underlying neural generators (Rugg & Curran, 
2007). The mid-frontal effect was more pronounced for recognized old items and falsely recognized lures than 
for correctly rejected lures. Assuming that the mid-frontal old/new effect reflects familiarity as opposed to 
recollection (for discussion see Bridger et al., 2012; Voss and Federmeier, 2011), this suggests that some lures 
were recognized on this basis.  Poorer performers also showed larger mid-frontal effects for old hits than better 
performers. This raises the possibility that poorer performers relied more on familiarity for making their 
judgments about old items. This would be consistent with the assumption that reliance on familiarity is an 
ineffective strategy for avoiding false recognition, because it is elicited by lures as well as by studied items, 
sometimes strongly (for reviews see Schacter and Slotnick, 2004; Yonelinas, 2002). However, the present data 
do not clearly support use of such a strategy in the poorer performers, since it predicts they will also show the 
largest mid-frontal effects for falsely recognized lures, and this behavioral association was non-significant. 
Instead, it appears that false (as well as true) recognition was associated with familiarity in the group as a 
whole. Most importantly, early mid-frontal responses did not distinguish reliably between lures which were 
falsely recognized and those which were correctly rejected, suggesting that some subsequent processing of 
lures was critical for this decision.  
3.3.3 Late old/new effects 
Both similar lures and studied items also elicited a late old/new effect between 800 and 1100 ms post-stimulus 
with a right frontocentral maximum, which was topographically distinct from the parietal old/new effect. As 
for the parietal effects, in the group as a whole this effect was most prominent for hits, but its modulation by 
individual differences in performance differed from the previous epoch: the late old/new effect was 
significantly more prominent in better performers for lure CR as well as for lure FA.  
The timing and distribution of this late old/new effect is consistent with previous findings of post-retrieval 
activity maximal over right frontal scalp (see Introduction). Right frontal old/new effects are thought to reflect 
generic control processes involved in  task-relevant decisions including those regarding what is remembered 
(Friedman and Johnson, 2000; Hayama et al., 2008). These effects onset from as early as 800 ms post-stimulus, 
directly following offset of the parietal effect and persisting as late as 1900 ms post-stimulus (e.g., Cruse and 
Wilding, 2011; Senkfor and Van Petten, 1998; Wilding and Rugg, 1996; Woodruff et al., 2006). In the present 
study, right frontal effects were also observed up to 1400 ms post-stimulus (not reported), but only varied 
according to condition and performance from 800 – 1100 ms. Given that average RTs to Old Hits, Similar FA 
and Similar CR were 1105, 1222 and 1348 ms, these performance associations presumably occurred after 
recollection but prior to responding. It is therefore likely that the processes reflected in the late old/new effect 
contributed to decision processes. This suggests that after initial recognition, further processing occurred in 
all participants prior to making the “old” decision, but engagement of these post-retrieval processes for lure 
items was greatest in the better performers.  
3.4 General Discussion 
The present data provide new information about how people discriminate novel items from similar items they 
have previously encountered in order to avoid false recognition. In line with earlier studies, a parietal effect 
was elicited by recognized items, whether studied or lures. However, unlike in some earlier studies, it was not 
significant for lures which were correctly rejected. This suggests that decisions that items were “old” were 
associated with recollection, whilst lures were correctly judged “similar” in its absence. Therefore, the explicit 
emphasis on lure identification in this task (Koutstaal et al., 1999; Stark et al., 2013) did not necessitate use 
of a recall-to-reject strategy, although such a strategy can be successful in similar tasks (Curran, 2000; Curran 
and Cleary, 2003; Kim and Yassa, 2013). Together, the data suggest that performance was supported by 
diagnostic post-retrieval processing to detect recollection.  
As noted in the Introduction, the parietal effect has been shown to be larger in magnitude when more 
information is recollected, and is associated with source recall (Rugg et al., 1998; Wilding, 2000; Vilberg et 
al., 2006; for reviews see Friedman & Johnson, 2000; Rugg and Curran, 2007). As outlined in the Introduction, 
lure false recollection is accommodated by all three theoretical accounts. The positive association between the 
parietal effect magnitude for false alarms and lure discrimination performance further suggests that although 
fewer lures were falsely recognized, these were more likely to be associated with recollection in better 
performers, or more specific information was recalled. This implies variation in the effectiveness of retrieval 
processing, either automatic pattern separation of lures, post-retrieval processing, or both. The existence of 
individual differences in hippocampal pattern separation and completion is consistent with fMRI evidence in 
healthy young (Chadwick, Bonnici, & Maguire, 2014) and older adults (e.g., Stark, Yassa, & Stark, 2010).  
However, a post-retrieval processing interpretation is supported by the finding that right frontal effects for 
both falsely recognized and correctly rejected lures also distinguished better from poorer performers. The 
timing of the late frontal effect, i.e., after the parietal effect but prior to responding, is in line with this 
interpretation. One possibility is that participants monitored the contents of recollection and rejected items for 
which the required specific information was not recovered, and that more effective monitoring by better 
performers meant that only those lures eliciting highly specific recollection were falsely judged “old”. This is 
consistent with prior behavioral and ERP studies implicating controlled post-retrieval memory monitoring and 
editing in the avoidance of false recognition (see Friedman and Johnson, 2000; Johnson et al., 1993). 
Therefore, the most parsimonious account of the present data is consistent with both activation-monitoring 
and fuzzy trace views, since these specify the importance of post-retrieval monitoring processes for lure 
discrimination (Roediger and McDermott, 1995; Brainerd et al., 2002). The presence of parietal effects for 
recognized but not for rejected lures, and the individual differences in parietal effects for recognized lures, 
also suggests that the monitoring was diagnostic, emphasizing detection of recollection, rather than recall-to-
reject. Not enough is known about the factors which support use of specific memory monitoring strategies 
(see Odegard et al., 2008; Schmid et al., 2010), but behavioral and fMRI data support the notion that these 
two types of monitoring are dissociable (e.g., Gallo et al. 2006; Gallo et al., 2010). 
Although the present data cannot be explained by individual differences in the specificity of encoded memory 
traces, reflecting variation in either pattern separation or relational or gist processing at encoding, such 
differences may be emphasized under other conditions. In such cases, parietal old/new effects reflecting gist 
recollection would be likely present for lure correct rejections as well as false recognition. An example may 
have been the study of Goldmann et al. (2003), which used a variant on the DRM task (see Introduction). 
Future studies can examine this possibility by encouraging gist processing through manipulation of study 
instructions (Nessler et al., 2001) or including either more closely similar lures, or multiple similar items in 
studied lists (see Koutstaal and Schacter, 1997; Pidgeon and Morcom, 2014). The latter manipulation has the 
additional benefit of reducing the potential utility of a recall-to-reject strategy (Gallo, 2004), so that evidence 
for recollection of correctly rejected lures, if present, can be more clearly attributed to recollection of gist. 
fMRI studies will also be essential for testing the contribution of pattern separation and completion to lure 
discrimination at encoding and retrieval (Kirwan & Stark, 2007). 
The present interpretation of parietal effects rests on some assumptions. The “reverse inference” (see Poldrack, 
2006) that these indicate the presence of recollection is based on substantial evidence that in recognition 
memory studies, parietal old/new effects occur when judgments are based on recollection rather than 
familiarity (see Friedman & Johnson, 2000; Rugg & Curran, 2007). It is not necessary to assume that this ERP 
modulation is elicited only by recollection: reverse inference can be used to infer presence of recollection 
rather than familiarity (a model comparison; Machery, 2013; see also Klein, 2012). Less is currently known 
about the relation between the parietal old/new effect and what is recollected. It has been shown to be larger 
when more information about the study episode is recollected, operationalized as identifying an associate item 
and/or incidental, spatial and temporal features of the study context (Vilberg & Rugg, 2006; Vilberg & Rugg, 
2009). In future investigations, measurements of the level of specificity of information recovered, and its 
nature, would enable more direct tests of hypotheses about gist and specific memory, as well as assisting 
interpretation of differences at the neural level between veridical recollection and false or phantom 
recollection. 
3.5 Conclusions 
The present data support the notion that post-retrieval processing is critical for rememberers to avoid falsely 
recognizing items similar to those previously encountered. The finding of parietal ERP old/new effects for 
falsely recognized similar lures and for studied items, but not correctly rejected lures, suggests that participants 
decided which items were studied and which were similar by the presence of significant recollection. 
Familiarity may have contributed to poorer performers’ judgements, although the data were ambiguous in this 
regard. The observation of late old/new effects which were more marked in better performers for similar items 
also implicates post-retrieval monitoring in successful lure discrimination. The relative prominence of false 
recollection effects in better performers further suggests that these participants only classify items as “old” 
when substantial evidence of recollection is present, perhaps indicating the recovery of more specific content. 
Together, the findings support existing evidence that false recollection is a relatively common and robust 
phenomenon, and constrain theoretical accounts of the strategies which can be used to support accurate 
recognition. 
4 Experimental Procedures 
4.1 Participants 
Twenty-nine healthy young adults aged between 19 and 34 years took part in the study. Of these, 20 (mean 
age 24.6 years, SD = 3.5 years; 8 male) had sufficient artifact-free trials (>=14) for ERP analysis.  
4.2 Stimuli 
Stimuli were 480 pairs of images of common objects or animals (photographs or colored drawings, approx. 
300 x 270 pixels). Each pair comprised two perceptually similar exemplars of the same basic-level concept, 
e.g., window.  Three hundred and five were from Koutstaal’s (2006) stimulus set; the remaining were 
copyright-free images obtained online. During the study phase, 320 critical images were presented. At test, 
participants viewed 480 critical images, comprising 160 studied images (repetitions of studied items) and 160 
similar lures of studied images (the similar items paired with the remainder of the studied items), with 160 
novel images. Six counterbalanced stimulus sets rotated stimuli through conditions (studied, lure, novel) and 
counterbalanced the images within each pair which were presented at study. For study and test phases, a unique 
random trial order of presentation was generated for each participant. Two stimuli also served as initial filler 
items at the start of study and test lists. Fifty additional images (including 20 pairs) were used for pre-
experimental practice.  
4.3 Procedure. 
Participants studied pictures of objects, and were later given a recognition test, during which 
electroencephalogram (EEG) recordings were acquired. In the test phase, they were asked to recognize original 
studied exemplars of a concept (e.g. a butterfly) as “‘old”, whilst explicitly rejecting different exemplars of 
the same concept as “similar”, and classifying items of a concept not previously presented in the experiment 
as “new” (Fig. 1).  
4.4 EEG recording and analysis 
The EEG recordings were acquired at a sampling rate of 1024 Hz using a BioSemi ActiveTwo system 
(http://www.biosemi.com), and 64 electrodes in an international 10–20 configuration (Fig. 3), as well as two 
mastoid electrodes and four electrooculogram (EOG) electrodes (at the left and right horizontal canthi, and 
above and below the right eye). Recordings were referenced to the common mode sense (CMS; active 
electrode) and grounded to a passive electrode. In pre-processing, the EEG was re-referenced offline to the 
average of the left and right mastoid, filtered (0.03–70 Hz band-pass filter, plus 50 Hz Notch filter where 
required), downsampled to 128 Hz, and corrected for artefacts using independent components analysis as 
implemented in BrainVision Analyzer (Brain Products ©). The data were then divided into epochs with a 
100 ms baseline before stimulus onset that lasted until 1500 ms post-stimulus. All epochs were baseline-
corrected before being combined to compute condition-averages per participant. 
ERP analyses were conducted on pooled data from 12 clusters of electrodes over the frontal (left: [F3, F5, F7], 
midline: [F1, F2, Fz], right: [F4, F6, F8]), frontocentral (left: [FC3, FC5, FT7], midline: [FC1, FC2, FCz], 
right: [FC4, FC6, FT8]), central (left: [C3, C5, T7], midline: [C1, Cz, C2], right: [C2, C4, T8]) and 
centroparietal (left: [CP3, CP5, TP7], midline: [CP1, CPz, CP2], right: [CP2, CP4, TP8]) scalp (see Fig. 3).  
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